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INTRODUCTION
Understanding disease transmission and controlling disease outbreaks are primary public health objectives. The threat of emergent and re-emergent diseases, such as SARS and pandemic influenza, has made the research community and the general public more aware of the need for accurate and robust planning tools. Among these tools, individual-based computer simulations are important for allowing explicit consideration of contact structures in the population. Contact structures are the basis for the transmission of the infection, but they must be regarded as highly disease-specific and may remain unknown for many diseases. In these cases, model-based evaluations of competing intervention schemes must be subject to sensitivity analyses across varying networks.
With current interest in pandemic influenza very high, massive computer simulation models have been used to investigate optimal intervention strategies, and a promising intervention approach against emerging pandemic influenza is the distribution of antivirals based on geographic proximity and/or contact patterns [1, 2] . Intervention strategies that rely on contact information are affected by the network structure and various investigations have shown that disease dynamics and intervention effectiveness depend on the type of the contact network (e.g. [3] [4] [5] [6] [7] [8] [9] [10] [11] ).
Networks can be characterized by various measures, but epidemiological phenomena can often be sufficiently explained by the average degree [12] , i.e. the average number of contacts per person. If, however, contacts in the population are highly dispersed, the infection dynamics may no longer be well characterized by the average degree [13] . Measures based on the variance and/or the skewness of the degree distribution [14] are then more appropriate, because they give more weight to the individuals who infect a disproportionately large numbers of other individuals. These so-called super-spreaders can introduce substantial stochasticity into the course of an epidemic [15] , because their impact on the epidemic curve 4 strongly depends on when they are involved in transmission [16] . Scale-free networks, whose skewed degree distributions allow for the existence of highly connected individuals, are therefore potentially relevant for network epidemiology.
Scale-free networks show observed characteristics which cannot be reproduced by other types of networks [5, 6, 9, 14, 17] . Conclusions based on network studies, however, take place in a situation of uncertainty as they examine only a certain collection of networks. In infectious disease epidemiology, scale-free contact networks have to date been only described for sexual relationships [18, 19] . The actual contact network involved in transmission of airborne diseases is difficult, perhaps impossible, to establish, but weakly skewed [2] or even normal degree distributions [20] have been suggested. Taken together, this means that networks generated by a preferential attachment scheme that can produce a range of degree distributions [21] might be candidates for studies in the field of network epidemiology.
To model diseases in which transmission rates or risks differ between casual and close contacts (within-household contacts), the network structure must distinguish between these two groups [22, 23] . For influenza, there is no consensus as to whether infection is predominantly transmitted via close or casual contacts, because it seems to depend on the strain involved, or at least be different for seasonal and pandemic influenza [22, 24] . One would expect that the effectiveness of targeted interventions and prophylaxis schemes depends on how the overall basic reproduction number (R 0 ) is distributed between these two groups. Sensitivity analyses addressing this issue have so far not been performed.
The aim of this study is to investigate how the final size of an epidemic and the effectiveness of intervention depend upon network structure and the relative contagiousness of close and casual contacts, using a model of pandemic influenza and antiviral treatment combined with targeted prophylaxis. We explore these effects in networks which are based on preferential attachment, but allow for tunable degree distributions [21] . Dispersion of the degree 5 distribution is represented by its standard deviation (which is strongly determined by the degree of individuals with many contacts) and by the average clustering coefficient (describing to what extent people within neighborhoods are in contact with each other). Our results help to identify uncertainties of interventions in real social networks and emphasize the relevance of projects that investigate the structure of such networks.
METHODS (a) Network
A simulated closed population of 10000 individuals was created and individuals in the population were assigned both close (household) contacts and casual (any other) contacts. For the close contacts, the population was partitioned into households whose sizes were chosen from a distribution of household sizes in Thailand, which has been regarded as a potential country of origin of pandemic influenza with detailed demographic data [2] . Everyone in a household was assumed to be in close contact with all other individuals in the household. The The network for casual contacts was created using a generalization of the Barabási-Albert scale-free network generation algorithm (Barabási & Albert, 1999) in which a tuning distribution is used to alter the preferential attachment scheme, yielding degree distributions that can vary from that of the scale-free network [21] . In the classical preferential attachment procedure, the tuning distribution is uniform, yielding a degree distribution of the power law type which is represented by a straight line on log-log scale. The tuning distributions used for this investigation were beta distributions which allow for modifying the shape of the degree The symptom states are 'asymptomatic', 'symptomatic' and 'immune' or 'dead'. Symptoms, which are a prerequisite for diagnosis and treatment (see below), appear at the beginning of the infectious period. For influenza we assume that a fraction of 1-F s =33 % of infections proceed asymptomatically, and that these individuals are only half as infectious as symptomatic cases (r=50%). We assume that about F w =73 % of infected and symptomatic We assume that the time until infection is exponentially distributed with mean β For highly contagious influenza strains, the size of the epidemic does not depend on heterogeneity in the degree distribution if no intervention is performed ( figure 3a) . With ten index cases in a population of 10000 people, major epidemics occur in more than 99 % of simulations, independent of whether infection is predominantly transmitted via close or casual contacts. On the other hand, intervention effectiveness does depend on heterogeneity in the degree distribution and is more efficient in networks with low variance than with high variance ( figure 3c and e) . Under intervention, epidemics with an infection attack rate of 20-30 % still occur in highly heterogeneous networks, but they become increasingly rare as the variance decreases. As the proposed intervention is directed more towards close contacts, it is more efficient if transmission is predominantly driven by them (figure 3c) than by casual contacts (figure 3e). Using a threshold of 500 cases (5 % of the study population) to define successful containment, the probability of intervention success decreases from 100 to 40 % in the close contact scenario (figure 3c) and from 80 to 20 % in the casual contact scenario (figure 3e) for weakly to highly dispersed degree distributions, respectively.
RESULTS

(a) Epidemic curves
(c) Moderately contagious influenza strains
For moderately contagious influenza strains, the size of the epidemic depends on heterogeneity in the degree distribution even when no interventions are performed (figure 3b).
The average number of infections increases from ~1000 when the variance is low to ~3000 when the standard deviation is high. The variability in the size of the epidemics is inversely related to the dispersion in the degree distribution, as indicated by the coefficient of variation which decreases from 100 % for epidemics resulting from weakly heterogeneous degree distributions to 40 % for epidemics resulting from highly heterogeneous degree distributions.
Both effects -the increasing size and the decreasing variability of the epidemics -make the distinction between small outbreaks and vast epidemics more pronounced as the variance 13 increases. The probability of an epidemic increases from 50 to 85 % for weakly to highly heterogeneous degree distributions, respectively. For moderately contagious influenza strains, the proposed intervention efficiently controls epidemics in networks with low variance (figure 3d, f). For networks with higher variance, however, the probability of successful containment decreases to 80 % (figure 3d) and to 50 % (figure 3f), depending on whether the infection is predominantly transmitted to close or casual contacts. 
DISCUSSION
Investigating characteristics of a hypothetical influenza epidemic and the effects of intervention under different networks shows that the infection attack rate of an epidemic and the effectiveness of intervention can depend on dispersion in the degree distribution of the number of contacts and the distribution of transmission rates between close and casual contacts. With parameters specifically adjusted to influenza and targeted distribution of antivirals, we have followed a parameter-rich and realistic modelling approach, using networks which are produced by a modified preferential attachment step as a possible representation of contact structures in the population.
Degree distributions with high variance or the occurrence of high-degree individuals can be associated with an accelerated course of the epidemic [14] (see also figure 2 ) and with an increased infection attack rate (figure 3b). The effect on the increased infection attack rate is limited if the infectious agent is highly contagious, i.e. if infection is efficiently transmitted from the outset, producing a self-exhausting infection process that cannot be further propagated by contact patterns (figure 3a). We conclude that heterogeneous degree distributions increase the infection attack rate of epidemics which are produced by moderately effective transmission -and that is the situation when intervention is applied (figures 3c-f).
Contact patterns will influence intervention success less, if intervention is targeted geographically [1, 2] , rather than socially, as assumed in this investigation.
Apart from measures of dispersion and clustering in the degree distribution, additional network characteristics influence the epidemiological outcome of an epidemic [9, 12] . The type of network [3, 16] and the population size [5] have an effect on the probability of an epidemic occurring and/or the final size of the epidemic. For the networks studied here in the case of an influenza epidemic, we have found that clustering is a negligible factor with respect to epidemiological outcomes (results not shown). However other studies have shown that clustering can influence the size of the epidemic [27] , indicating that epidemiological outcomes can be highly network-specific. For a more generalized approach describing the effects of close and casual contact patterns on the epidemics, see [23] .
The maximum degree in our networks largely determines the variance of the degree distribution and the relationship for the networks used in this investigation is 
